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ABSTRACT 


In this paper, two types of ring-cavity fiber laser structures that operate as a 
single wavelength laser were investigated on the threshold performance. The 
two structures are namely Brillouin fiber laser and Brillouin erbium fiber 
laser. In the first structure, the Brillouin pump signal was amplified before 
being injected into the laser cavity which namely as Brillouin fiber laser. 
Meanwhile, for second structure respectively, the Brillouin pump signal was 
pre-amplified in the laser cavity which namely as Brillouin Erbium fiber 
laser. We found that the stimulated Brillouin scattering threshold power was 
lowered significantly by circulating the spontaneous Brillouin scattering in 
the gain medium utilizing the pre-amplification technique. The optimum 
stimulated Brillouin scattering threshold power was about 1.4 mW, and this 
was achieved at optimum output coupling ratio of 95%. By comparing to the 
first structure in which the Brillouin pump signal was amplified before 
entering the laser cavity, stimulated Brillouin scattering threshold power was 
only achieved at 2.62 mW at a similar wavelength. The pre-amplification 


technique proposed in this paper has been shown to improve the performance 
of single-wavelength ring-cavity fiber lasers via significant reduction of the 
stimulated Brillouin scattering threshold power which was around 1.22 mW. 
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1, INTRODUCTION 

Stimulated Brillouin scattering (SBS) is the attractive nonlinear effects in optical fibers that 
noticeable over the generation of backward propagating optical waves [1]. The counter-propagating optical 
waves, typically designate as Stokes waves or Brillouin Stokes (BS) signal, emerges when the injected input 
signal power achieves a particular value named as Brillouin threshold. Consequently, above the threshold 
condition, SBS creates a downshifted frequency Stokes wave from an input pump signal through the 
nonlinear medium. As a result, the energy rapidly transfer from input pump signal to a Stokes wave. The 
input pump signal is downshifted in frequency is attributed to the Doppler shift related with grating moving 
at acoustic velocity [2]. For a standard silica single-mode fiber (SMF), the BS signal is found to be 
experience a frequency downshift of by about 10 GHz [3]. 
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SBS in an optical fiber has been useful in a number of applications. It has been used in optical fiber 
characterization [4], interferometric and distributed sensors [5], optical frequency metrology [6], narrow- 
bandwidth application and perhaps most interest in SBS has arisen from the use of Brillouin gain generation 
in producing fiber laser with single [7] or multiple [8-9] wavelengths. In using SBS to create fiber laser, 
achieving a lower threshold value is one of the main important parameters of the fiber laser system [10]. 
Researchers have demonstrated significant interest in reducing Brillouin threshold in optical fibers. A method 
of Brillouin threshold reduction in photonic crystal fiber has been reported [11]. Other schemes that 
employed Stokes noise initiation that reduce the SBS establishing time, thereby reducing the Brillouin 
threshold has been reported [12]. However, most of the reported schemes for Brillouin threshold reduction 
utilized structures that add to the difficulty of the experimental setups. Brillouin threshold reduction through 
pump recycling technique has been reported in [13]. In this particular work, the experimental set up is not 
complex. However, the linear cavity did not allow for freedom of choice of the percentage amount of light to 
be released from the cavity. 

In this paper, two structures of single-wavelength ring-cavity assisted by Erbium gain were 
proposed and investigated for the Brillouin threshold power reduction. In the first structure, the Brillouin 
pump (BP) signal was amplified before being injected into the laser cavity. In the second structure, the BP 
power was pre-amplified inside the laser cavity. Both of these structures demonstrate a simple method to 
produce the Brillouin threshold power by circulating the spontaneous Brillouin scattering from an 11 km long 
dispersion compensating fiber (DCF) in the ring cavity structure. For the second structure which BEFL, the 
Brillouin threshold power reduction around 0.1 mW, 0.2 mW, 0.7 mW, 0.9 mW, 0.98 mW and 1.15 mW and 
1.22 mW were recorded at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 95%. 


2. EXPERIMENTAL SETUP 

The two structures of single-wavelength ring-cavity Brillouin fiber laser (BFL) assisted by erbium 
gain were depicted in Figure 1. BP signal amplification structure was presented in Figure l(a) where the BP 
signal was amplified prior to been injected into the ring cavity. Meanwhile, the structure of the ring cavity 
Brillouin erbium-doped fiber laser (BEFL) with BP signal pre-amplification technique was depicted in Figure 
1 (b). The erbium-doped fiber amplifier (EDFA) was placed inside the laser cavity thereby amplifying the BP 
signal before being propagated into the Brillouin gain medium. Dispersion compensation Fiber (DCF), with 
the specification of 8.18 dB total insertion loss, an effective area of 20 um2 and the nonlinear coefficient of 
7.3 (W.km)-1, was used as a low-threshold highly nonlinear Brillouin gain medium. In both structures, an 
external tunable laser source (TLS) with output maximum power of 3 mW was employed as the source of the 
BP signal. The EDFA gain block comprises of 8 meters erbium doped fiber (EDF), a wavelength division 
multiplex (WDM) coupler and pumped by 1480 nm laser pump. 

The WDM coupler was used to multiplex the BP signal and the 1480 nm laser pump signals. The 
EDFA gain block was principally employed to amplify the low power BP signal. The 3-port optical circulator 
was utilized in both structures to provide a unidirectional path for both the BP signal and the generated 
backward propagating BS signals. Also, in both structures, the variable optical coupler was utilized so as to 
extract the laser’s output and be monitored through the optical spectrum analyzer (OSA). The variable 
coupler provides a means of controlling the ratio of the amount of light directed to the OSA for monitoring 
and measurements. As can be seen from Figure 1, the EDFA was placed at two different locations which are 
outside ring cavity and in the ring cavity (BP pre-amplification technique) as depicted in Figure 1 (a) and 
Figure 1 (b) respectively. The BP signal enters the circulator through port-1. The BP signal afterward be 
directed into the DCF through port-2 of the circulator. SBS would be initiated once the input power surpasses 
the threshold power of the DCF. Consequently the input signal generate a Brillouin gain in the DCF. This 
condition generate the first order BS signal, which was propagate in the opposite direction to the propagation 
direction of the BP signal. 

Thus, the BS signal enters the circulator through its port-2 and be guided to the OSA through port-3 
of the circulator and the variable coupler. The OSA with resolution bandwidth of 0.015 nm was used for 
monitoring, observations and measurement. 
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Figure |. Structure of the single-wavelength fiber laser with two location of EDFA: (a) BFL in which EDFA 
was located outside ring-cavity and (b) BEFL in which EDFA was situated in the ring-cavity 


3. RESULTS AND DISCUSSION 

In order to compare the output signal characteristics of the two proposed structures, the spectrum in 
Figure. 2 was plotted. It shows the output spectra at 1550 nm wavelength of BP signal while 1.5 mW of BP 
power was injected. Meanwhile, the output spectrum was extracted at 50% of output coupling ratio. It was 
clearly observable that BFL and BEFL are capable of generating BS signals with 0.08 nm spacing. The BFL 
spectrum shown in Figure 2 has lower peak power (below threshold) in comparison with the peak power 
(above threshold) of BS signal for BEFL spectrum, which are formed by the stronger Brillouin scattering 
effect. At the same BP power, the BS signal that was generated from BEFL acquires extremely higher gain 
which about 47 dB. 
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Figure 2. The BFL and BEFL spectrum at 1550 nm wavelength of BP signals while 1.5 mW of BP power 
was injected and output coupling ratio of 50% 
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Next, to study the Brillouin threshold power in the two proposed structures, the amplified BP power 
was varied from minimum value of 0 mW to the maximum value of 3 mW. Mwanwhile, the BP wavelength 
was fixed at 1550 nm when the first BS signal appears. The Brillouin threshold power was obtained when the 
BP power exceeded a critical value, and most of it was converted into BS power as depicted in Figure 3. The 
BS power against the BP power at output coupling ratio of 20%, 50%, 80% and 90% were plotted in Figure. 
3 (a) to 3 (d). In all values of output coupling ratios, ring cavity BEFL with pre-implication technique was 
able to reduce threshold power. For both techniques, the BS signal occurred in opposite direction from 
injected BP signals and circulated in the ring cavity. A weak BS signal with low peak power already appears 
at lower BP power of 0.06 mW. In order to produce Brillouin threshold power in both structures, BP power 
was increased from 0.06 mW to the value where it was strong enough to generate a high intensity BS power. 
Once the threshold condition was satisfied, the first BS signal was backscattered with 0.08 nm spacing 
through SBS and Brillouin gain was created in the DCF. To understand the theory of the Brillouin gain, the 
interactions between BP signal intensity (Ip) and the BS signal intensity (Is) in the process of SBS in the gain 
medium was described by two coupled Equations in 1 and 2 [2], [14] as follows: 





dP 

Pag TT —arl, 
dz Os (1) 
dl 





SSSe0l dO, 
dz . (2) 


Where o was fiber loss for the gain medium and are nearly the same for the BP and Stokes waves for 
Equation 1. Meanwhile wp~ ws owing to the relatively small value of the Brillouin shift for Equation 2. Ip 
and Is are the intensity of BP and BS signal respectively, and gB was the Brillouin gain coefficient. By 
referring to the Figure. 3 (a) to 3 (d), ring-cavity BEFL structure produces lower Brillouin threshold power in 
comparison with the ring cavity BFL structure, which formed by the pre-amplification technique where the 
EDFA was placed inside the laser cavity. In this case, the SBS was originated by the spontaneous Brillouin 
scattering signal, by the amplified BP signal before entering the DCF and circulated spontaneous Brillouin 
scattering. Therefore, more SBS emissions can become initiated to reduce the Brillouin threshold power. The 
Brillouin threshold power of 1.0 mW, 1.0 mW, 1.1 mW and 1.3 mW were produced at 20%, 50%, 80% and 
90% of output coupling ratio, respectively. Afterward, when the threshold condition was satisfied, the BS 
signal power increases with increasing BP power with linearity increment. Otherwise, ring cavity BFL 
structure where the EDFA was placed out of the laser cavity produced 1.2 mW, 2.0 mW, 2.1 mW and 2.45 
mW of Brillouin threshold power which significantly higher than ring cavity BEFL structure. This condition 
was due to the additional energies provided by the circulated BP signal that has the ability to initiate more 
SBS emission and additional amplification for BS signal. For clarification, output optical spectra of the BS 
signal by varying BP power at output coupling ratio of 50% for BFL and BEFL structure were illustrated in 
Figure 4 (a) and Figure 4(b), respectively.These optical spectra show the characteristic of the BS signals, 
below and above the Brillouin threshold condition. In this case, Brillouin threshold can be explained as the 
input pump power at which the backscattered power initiates to increase rapidly or equivalently the BP 
powers begins to be depleted [15]. Furthermore, the Brillouin threshold power was written as [16], 


Pi, = 21DA yg | 8 play (3) 
Where, Le is the effective length of interaction aed is the effective core of the fiber. Meanwhile, &2 is 
the peak value of the Brillouin gain. For this Equation in 3 the numerical factor of 21 is only estimated as it 


according on the explicit value of Brillouin gain linewidth. Furthermore, the polarization factor b lies among 
1 and 2 depending on relative polarization of pump signal and Stokes waves [17]. 
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Figure 3. The Brillouin threshold for BFL and BEFL at different output coupling ratio. (a). 20 % of output 
coupling ratio, (b). 50% of output coupling ratio, (c) 80 % of output coupling ratio and 90% of output 
coupling ratio 


The relation between the Brillouin threshold power for both structures and the Brillouin threshold 
power reduction was demonstrated and plotted in Figure 5. In this study, output coupling ratio increased from 
a minimum value of 10% to the maximum value of 95%. In both structures, it shows that, as output coupling 
ratio was increased, the Brillouin threshold power also increased significantly. This condition can be due to 
the higher light intensities that oscillated in the ring-cavity and resulted in a reduction of the Brillouin 
threshold power. The minimum power of Brillouin threshold at 0.8 mW and 0.9 mW was achieved at output 
coupling ratio of 10% for BEFL and BFL structures, respectively. Meanwhile, the maximum power of 
Brillouin threshold at 1.4 mW and 2.62 mW was produced at output coupling ratio of 95% for BEFL and 
BFL structures, respectively. As depicted in Figure 5, the graph of threshold power reduction against the 
output coupling ratio was plotted. Meanwhile, the increment of the output coupling ratio from 10% to 95% 
led to increases the differential of Brillouin threshold power reduction between BEFL and BFL. As evidently 
seen in Figure 5, the higher Brillouin threshold power reduction for BEFL was recorded at 95% of output 
coupling ratio of output coupling ratio which around 1.22 mW. This indicates that the Brillouin threshold 
power for BEFL has reduced by 46.95%, compared to the BFL. From previous paper, the optimum coupling 
efficiency was recorded at 95% [7]. The Brillouin threshold power reduction around 0.1 mW, 0.2 mW, 0.7 
mW, 0.9 mW, 0.98 mW and 1.15 mW and 1.22 mW were recorded at 10%, 20%, 30%, 40%, 50%, 60%, 
70%, 80%, 90% and 95% of output coupling ratio. 
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Figure 4. Output optical spectra with varying BP power at output coupling ratio of 50% for (a). BFL and (b) 
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Figure 5. Brillouin threshold power for BFL, Brillouin threshold power for BEFL and Brillouin threshold 


4. CONCLUSION 


power reduction between BEFL and BFL 


A pre-amplification technique proposed in this paper has been shown to improve the performance of 
single-wavelength ring-cavity fiber lasers via significant reduction of the Brillouin threshold power. The 
scheme used was applied to two types of ring-cavity fiber laser; BFL and BEFL. The BFL has the Brillouin 
pump signal amplified before being injected into the laser cavity, while in the BEFL, the Brillouin pump 
signal was amplified in the laser cavity. The highest Brillouin threshold power reduction for BEFL was 
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recorded at 95% of output coupling ratio which around 1.22 mW. This indicates that the Brillouin threshold 
power for BEFL has reduced by 46.95% compared to the BFL. In contrast, Brillouin threshold power only 
achieved at 2.62 mW at the similar wavelength, when BP signal was amplified before entering the laser 
cavity. The results presented in this paper, have clearly shown that the proposed laser structure produces a 
low threshold power of 1.4 mW via a simple and innovative scheme, by amplifying Brillouin pump signal in 
the laser cavity 
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